Dopamine receptors regulate glutamatergic neurotransmission and Na + ,K + -ATPase via protein kinase A (PKA) and dopamine-and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32)-dependent signaling. Consequently, dopamine receptor activation may modulate neonatal hypoxic-ischemic (H-I) neuronal damage in the selectively vulnerable putamen enriched with dopaminergic receptors. Piglets subjected to two durations of hypoxia followed by asphyxic cardiac arrest were treated with a D1-like (SCH23390) or D2-like (sulpiride) receptor antagonist. At 4 days of recovery from less severe H-I, the remaining viable neurons in putamen were 60% of control, but nearly completely salvaged by pretreatment with SCH23390 or sulpiride. After more severe H-I in which only 18% of neurons were viable, partial neuroprotection was seen with SCH23390 pretreatment (50%) and posttreatment (39%) and with sulpiride pretreatment (35%), but not with sulpiride posttreatment (24%). Dopamine was significantly elevated in microdialysis samples from putamen during asphyxia and the first 15 mins of reoxygenation. Pretreatment with SCH23390 or sulpiride largely attenuated the increased nitrotyrosine and the decreased Na + ,K + -ATPase activity that occurred at 3 h after severe H-I. Pretreatment with SCH23390, but not sulpiride, also attenuated H-I-induced increases in PKA-dependent phosphorylation of Thr34 on DARPP-32, Ser943 on the a subunit of Na + ,K + -ATPase, and Ser897 of the N-methyl-D-aspartate (NMDA) receptor NR1 subunit. These findings indicate that D1 and D2 dopamine receptor activation contribute to neuronal death in newborn putamen after H-I in association with increased protein nitration and decreased Na + ,K + -ATPase activity. Furthermore, mechanisms of D1 receptor toxicity may involve DARPP-32-dependent phosphorylation of NMDA receptor NR1 and Na + ,K + -ATPase.
Introduction
The basal ganglia, thalamus, and peri-Rolandic cortex represent regions of selective vulnerability in neonatal hypoxic-ischemic (H-I) encephalopathy (Miller et al, 2005) . Among the mechanisms responsible for this injury, N-methyl-D-aspartate (NMDA) receptor-mediated excitotoxicity, intracellular Ca 2 + accumulation, and oxidative stress have received much attention. However, blockage of NMDA receptors can produce adverse effects. Therefore, it is of interest to investigate mechanisms that modulate NMDA receptor function without completely blocking the receptor.
Dopamine is a major neurotransmitter in striatum and is known to regulate the function of several proteins, including those important in ischemic injury, such as glutamate receptors and Na + ,K + -ATPase. Dopamine acts on two classes of receptors: D1-like receptors (D 1 , D 5 ) coupled to G s proteins that activate adenylate cyclase and protein kinase A (PKA), and D2-like receptors (D 2 , D 3 , D 4 ) coupled to G i/o proteins that inhibit adenylate cyclase and PKA (Svenningsson et al, 2004) . Many of the effects of D1 and D2 receptor activation depend on the phosphorylation state of multiple sites on the dopamine-and cAMP-regulated phosphoprotein of 32 kDa . For example, phosphorylation of Thr34 on DARPP-32 by PKA after D1 receptor activation inhibits protein phosphatase-1 and thereby permits sustained phosphorylation of serine and threonine sites on other proteins targeted by PKA (Svenningsson et al, 2004) . Stimulation of D1 receptors leads to phosphorylation of Ser897 on the NR1 subunit of NMDA receptors (Dudman et al, 2003; Dunah and Standaert, 2001 ) by a mechanism dependent on DARPP-32 (Snyder et al, 1998) . Phosphorylation of NR1 by PKA can increase receptor sensitivity to glutamate and increase Ca 2 + currents (FloresHernandez et al, 2002; Maldve et al, 2002) , which could then increase the activity of nitric oxide (NO) synthase and other downstream cascades involved in excitotoxicity. Although D2 receptor activation exerts the opposite effects of D1 receptor activation on PKA and DARPP-32 Thr34 phosphorylation, D1 and D2 receptor activation reduces Na + ,K + -ATPase activity in a synergistic rather than in an antagonist manner (Bertorello et al, 1990) . Decreased Na + ,K + -ATPase activity could have important consequences on ionic regulation in postischemic neurons. Together, these findings open the possibility that dopamine receptors may influence ischemic neuronal damage by modulating NMDA receptors, Na + ,K + -ATPase, or other components involved in excitotoxicity. Whether D2 receptors exert opposing or similar actions to those exerted by D1 receptors during ischemia is uncertain.
The effects of D1 and D2 antagonists on neuronal injury and on phosphorylation of various target proteins in striatum with its enriched dopaminergic innervation have not been studied in detail in either newborn or adult animal models of cerebral ischemia. Some dopamine receptor agonists have been reported to protect hippocampal neurons (O'Neill et al, 1998) . Increases in extracellular dopamine in newborn pig striatum are particularly sensitive to hypoxia (Pastuszko et al, 1993) . In the present study, we used a well-characterized model of H-I in newborn piglets in which oxidative stress and neuronal death in selectively vulnerable putamen rapidly evolved during the early hours of reoxygenation, followed by neurodegeneration in primary sensorimotor cortex (Martin et al, 1997a (Martin et al, , b, 2000 . Within the striatum in this model, NMDA receptor phosphorylation at the PKA-sensitive site Ser897 on the NR1 subunit is increased (Guerguerian et al, 2002) , NO-dependent protein nitration is increased (Martin et al, 2000) , and Na + ,K + -ATPase activity is decreased without detectable increases in tyrosine nitration (Golden et al, 2001 (Golden et al, , 2003 . We examined the effects of the prototypic D1 receptor antagonist SCH23390 and D2 receptor antagonist sulpiride on neuronal damage in putamen after neonatal H-I and investigated potential molecular mechanisms that involve NMDA receptor phosphorylation, nitrotyrosine formation, and activity and phosphorylation of Na + ,K + -ATPase.
Materials and methods

Animal Model of Hypoxia-Ischemia
The animal protocol was approved by the Animal Care and Use Committee of the Johns Hopkins Medical Institutions and modified from the method described previously (Martin et al, 1997a, b) . In brief, male piglets at 4 to 7 days of age (2.5 to 3 kg) were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal), intubated, and ventilated mechanically with 30% O 2 . Because of evidence of sex differences in the mechanism of H-Iinduced cell death in immature brain (Zhu et al, 2006) , only males were selected to reduce the potential increase in variance that could arise from grouping males and females. After a femoral artery and vein were catheterized under aseptic conditions, 10 mL/h of 5% dextrose and 0.45% saline were infused intravenously during the period of anesthesia. Additional analgesia and neuromuscular blockage were provided with a bolus intravenous injection of fentanyl (40 mg/kg) and pancuronium (0.3 mg/kg) approximately 10 mins before initiating H-I. The injection did not alter arterial pressure. The antibiotic cefazolin (25 mg/kg) was administered daily. Rectal temperature was maintained at 38.51C to 391C with a heating lamp and warm water-perfused blanket. At approximately 15 mins after completing the surgery, inspired O 2 was decreased to either 10% O 2 for 30 mins or to 9.8% O 2 for 40 mins, followed by ventilation with 21% O 2 for 5 mins and airway occlusion for 7 mins to produce cardiac arrest. Ventilation with 10% O 2 for 30 mins was used to produce moderate injury, whereas ventilation with 9.8% O 2 for 40 mins was used to produce severe injury. Ventilation with 21% O 2 for 5 mins after hypoxia was necessary for successful cardiac resuscitation after subsequent asphyxia. Piglets were resuscitated by ventilation with 50% O 2 , manual chest compressions, and intravenous injection of epinephrine (0.1 mg/kg) until return of spontaneous circulation. Defibrillation was performed when needed. Piglets that did not have return of spontaneous circulation within 3 mins of resuscitation were excluded. After resuscitation, inspired O 2 was gradually reduced to 30% to maintain arterial O 2 oxyhemoglobin saturation greater than 95%, as guided by arterial blood analysis. Sodium bicarbonate was administered to correct base deficits > 5 mmol/L. Arterial blood pressure, blood gases, pH, and glucose were monitored until the piglets regained consciousness. Piglets were extubated when they began to regain consciousness, usually within 6 to 8 h. Sham control animals were anesthetized and subjected to the surgical preparation but not the H-I. Piglets recovered in an individual cage with a warming blanket and received an intravenous infusion of 5% dextrose and 0.45% saline for the first 12 to 24 h of recovery. They were fed formula milk from a syringe during the first day of recovery. By the second day, they usually were able to drink milk from a bowl and were housed with a littermate.
Neurobehavioral Assessment
Neurobehavioral assessments were performed at 1, 2, 3, and 4 days after H-I. Neurologic deficits were graded on a scale of 0 to 154 (normal score, 0; maximal deficit score, 154), as described previously (Agnew et al, 2003) . The scale is based on levels of consciousness, brainstem function, sensory responses, motor function, spatial orientation, behavioral activity, and seizure activity.
Administration of Dopamine Receptors Antagonists
Sham or H-I piglets were injected intravenously with (1) 0.9% saline, (2) the dopamine D1-like receptor antagonist SCH23390 (0.5 mg/kg; Sigma, St Louis, MO, USA), or (3) the dopamine D2-like receptor antagonist sulpiride (30 mg/kg; Sigma) either at 20 mins before hypoxia for the pretreatment protocol or at 5 mins of recovery for the posttreatment protocol. These doses have been used by others to produce effects within the central nervous system after systemic administration (Bourne et al, 2001) . Binding of SCH23390 in human putamen reaches a maximum at approximately 20 mins after injection and then decreases by approximately 40% over a subsequent 40-min period (Hirvonen et al, 2001) . A maintenance dose of saline, SCH23390 (0.2 mg/kg/h), or sulpiride (3.3 mg/kg/h) was continuously infused from 5 mins through 3 h after resuscitation in both the pretreatment and posttreatment protocols.
Microdialysis
Changes in extracellular dopamine in putamen during H-I were assessed by analyzing microdialysates from eight piglets. Holes were drilled in the skull 8 mm anterior and 7.5 mm lateral from bregma. The tip of the microdialysis probes (CMA 10; CMA/Microdialysis, Stockholm, Sweden) with a 5-mm membrane length was inserted 16.5 mm below the dura. The probes were perfused with dye at the end of the experiment to ensure that the membrane was within putamen. The probes were perfused with artificial cerebrospinal fluid at a rate of 2.5 mL/min starting at least 45 mins after placement. The first sample collected over 15 mins was not used in the analysis. Microdialysates were collected at 15-min intervals over a 45-mins baseline period followed by H-I and 3 h of recovery with allowance for the time delay of the dead space of the probe. Dialysates were analyzed for dopamine concentration by high-pressure liquid chromatography with electrochemical detection. Isoproterenol was used as an internal standard. Dialysate concentrations were not adjusted for incomplete recovery of dopamine across the dialysis membrane.
Immunoblotting
At 3 h of recovery from H-I or an equivalent time in shamoperated piglets, additional pentobarbital was administered and the animal was perfused transcardially with ice-cold phosphate-buffered saline (PBS). Brains were removed rapidly, transected midsagittally and subdissected carefully to obtain samples selectively from putamen.
Tissues were homogenized in ice-cold homogenization buffer (20 mmol/L Tris-HCl, pH 7.4, with 10% sucrose, 1 mmol/L ethylenediaminetetraacetate, 0.1 mmol/L phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Roche, Germany)) and centrifuged at 1000g for 10 mins. The supernatant was removed and centrifuged at 54,000g for 40 mins. The resulting membrane-enriched pellet was resuspended and washed with sucrose-free homogenization buffer and centrifuged at 54,000g for 40 mins twice. The final pellet was resuspended in homogenization buffer that contained 20% glycerol instead of sucrose. Protein concentrations were determined by bicinchoninic acid protein assay.
Samples (20 mg of protein) were separated by 4% to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrotransferred onto nitrocellulose membranes. After being blocked with 5% nonfat milk in 0.01 mol/L PBS (pH 7.4) for 1 h, the membranes were probed overnight at 41C with the following primary antibodies: anti-NMDAR1 (1:2000, BD Pharmingen, San Jose, CA, USA), anti-phospho-NR1 Ser896 or anti-phospho-NR1 Ser897 (1:2000, Upstate, Lake Placid, NY, USA), anti-DARPP-32 or anti-phospho-DARPP-32 Thr34 (1:1500, Cell Signaling Technology, Danvers, MA, USA), anti-Na + ,K + -ATPase a1 (1:50,000, Sigma) or Na + ,K + ATPase a3 (1:50,000, Affinity Bioreagents, Golden, CO), anti-phospho Na + ,K + -ATPase a Ser23 or Na + ,K + -ATPase a Ser943 (1:2000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-nitrotyrosine (1:40,000, Upstate) or anti-synaptophysin (1:20,000, Chemicon, Temecula, CA, USA). Membranes were then washed and incubated with the corresponding secondary antibodies conjugated to horseradish peroxidase (Amersham, Piscataway, NJ, USA). Immunoreactive bands were visualized with an enhanced chemiluminescence detection system (Amersham). Synaptophysin, a synaptic vesicle membrane protein, whose level does not change during the first 24 h after H-I (Martin et al, 2000) , was used as a protein loading standard. To elucidate whether the antibodies reacted specifically with phosphorylated protein, 20 mg protein aliquots from animals in the H-I saline group were also treated with 400 U/mL of l-protein phosphatase (Upstate) for 4 h before electrophoresis. After immunoblotting, the bands were scanned and analyzed with Quantityone software (Bio-Rad, Hercules, CA, USA). Values of optical density (OD) were normalized by the value of a sham animal treated with saline on each gel. Each immunoblot experiment was performed in quadruplicate using tissue from four piglets per treatment group.
Immunohistochemistry
The anesthetized piglets were perfused transcardially with ice-cold PBS and 4% paraformaldehyde. Brains were removed and bisected midsagittally, and each hemisphere cut into 1 cm slabs. The left forebrain was paraffin embedded for histology with hematoxylin and eosin (H&E) staining. The right forebrain was cryoprotected in 20% glycerol-PBS for 24 h, frozen, and cut into serial 40-mm sections through putamen. Immunohistochemistry was completed on free-floating sections to detect D1 or D2 receptors of piglet putamen. Endogenous peroxidase was quenched with 30-min incubation of 0.3% H 2 O 2 in methanol. Sections were blocked in normal serum and incubated with rabbit anti-D1R (1:300, Chemicon) or anti-D2R (1:300, Chemicon) for 48 h at 41C. After rinsing in PBS, sections were incubated with biotinylated anti-rabbit IgG ( .
The biochemical activity of Na + ,K + -ATPase in samples of putamen was determined by measuring ouabain-sensitive hydrolysis of ATP as described previously (Golden et al, 2001) . Samples from each animal were analyzed in triplicate.
Data and Statistical Analysis
Profile counting was used to estimate ischemic neuronal damage in mid-coronal sections of putamen on H&E-stained paraffin sections. In sections that were matched for level, the number of ischemic and nonischemic neuronal profiles was counted in an observer-blinded fashion in seven nonoverlapping, microscopic fields at Â 1000 power. In each microscopic field, the seven values in each animal were averaged to obtain a single value of viable neurons per mm 2 for each piglet to be used in the statistical analysis.
All values are expressed as mean7s.d. Statistical analysis among groups was performed with one-way analysis of variance (ANOVA) followed by the StudentNewman-Keuls multiple range test, with P < 0.05 considered statistically different. The neurologic deficit score was analyzed by two-way ANOVA with repeated measures.
Results
Dopamine Concentration in Microdialysates
The time course of extracellular dopamine concentration in putamen during H-I was monitored in microdialysis samples collected from eight piglets ( Figure 1 ). During hypoxia, the concentration of dopamine increased in half of the piglets, but the increase for the group as a whole was not statistically significant. However, dopamine increased substantially during asphyxia (P < 0.005) and the first 15 mins of recovery (P < 0.001; repeated measures ANOVA and paired t-test) compared with baseline and with those during hypoxia.
Reduced Neuronal Damage by SCH23390 and Sulpiride in Putamen
In this model of H-I, neuronal cell death in striatum occurs within the first 24 h of recovery (Martin et al, 2000) . Sham groups treated with saline, SCH23390, or sulpiride had similar striatal neuronal density. With 30 mins of hypoxia plus 7 mins of asphyxia, the number of viable neurons in putamen at 4 days of recovery was 63%726% (n = 9) of the values in combined sham-operated animals. Viable neurons were better preserved in H-I groups pretreated with SCH23390 (89%717%; n = 7) or sulpiride (93%7 13%; n = 8). The values in the drug-treated H-I groups were not significantly different from the values in combined sham-operated piglets (100%7 18%; n = 17).
To test the efficacy of dopamine antagonists with a more severe model of injury, the duration of hypoxia was extended from 30 mins to 40 mins and the inspired O 2 was slightly decreased from 10% to 9.8%. Hematoxylin and eosin staining revealed normal cytoarchitecture and little neuronal damage in putamen of sham-operated animals treated with saline (n = 4), SCH23390 (n = 4), or sulpiride (n = 4) at 4 days after surgery (Figures 2A, 2B, 2C and 2G) . Hypoxia-ischemia induced selective neuronal damage in putamen. Most putaminal neurons exhibited ischemic morphology that consisted of cytoplasmic microvacuolation, eosinophilia, and nuclear pyknosis, or eventual cell homogenization ( Figure 2D ). Only 18% of putamen neurons in the saline H-I group (n = 15) were viable compared with the sham saline group ( Figure 2G ). Pretreatment with SCH23390 or sulpiride significantly alleviated neuronal damage in putamen ( Figures 2E, 2F , and 2G). The number of viable neurons in the SCH23390 pretreatment group (n = 8) was 50% of that in the sham saline group, whereas that in the sulpiride pretreatment group (n = 9) was 35% of that in the sham saline group ( Figure 2G ). Moreover, treatment with SCH23390 (n = 7) starting 5 mins after resuscitation also significantly increased the number of viable neurons to 39% of the sham-saline value. However, improvement to 24% viable neurons with posttreatment of sulpiride (n = 6) was not significant ( Figure 2G ).
Neuronal injury in primary sensorimotor cortex was more variable than in striatum, and pretreatment with antagonists did not have a significant effect. The percent of cortical neurons with ischemic cytopathology was 48%744% in the saline H-I group, 48%76% in the SCH23390 H-I group, and 22%743% in the sulpiride H-I group.
Neurobehavioral deficits were greatest on the first day of recovery from H-I. Most H-I piglets treated with saline showed stupor or clouded-like consciousness, low muscle tone, no light and/or no auditory reflexes, and, sometimes, no response to pain stimulation on the first day of recovery. Twoway repeated measures ANOVA indicated an overall effect of treatment (P < 0.001) and time (P < 0.001). On individual days, pretreatment with SCH23390 significantly improved neurobehavioral recovery of H-I piglets at 24 and 48 h of recovery, whereas sulpiride had no effect ( Figure 2H ). Sham animals Figure 2 Effects of SCH23390, a D1 receptor antagonist, and sulpiride, a D2 receptor antagonist, on neuronal damage at 4 days of recovery and neurologic deficits in groups subjected to 40 mins of hypoxia and 7 mins of asphyxia (H-I). Hypoxic-ischemic or sham piglets were injected intravenous with saline, SCH23390, or sulpiride, either at 20 mins before hypoxia for pretreatment protocol, or at 5 mins of recovery for posttreatment protocol, followed by continuous infusion until 3 h of recovery. (A-F) Representative photographs of H&E-stained sections showing that pretreatment with SCH23390 or sulpiride partially alleviated ischemic neuronal damage in putamen of H-I piglets. Bar = 50 mm. (G) Quantitative results for viable putamen neurons expressed as a percent of the mean value in the sham group. (H) Neurologic score during the 4-day recovery. Data represent means7s.d. (n = 4 to 15 per group). *P < 0.05 versus sham group treated with saline; # P < 0.05 versus H-I group treated with saline; ANOVA followed by the StudentNewman-Keuls test.
treated with saline, SCH23390, or sulpiride did not show obvious neurologic deficit after recovery from anesthesia.
Pretreatment with dopamine receptor antagonists could potentially alter cardiovascular physiologic parameters at baseline and the cardiovascular response to H-I. During the 40-min period of hypoxia, mean arterial blood pressure (MABP) was maintained near the baseline values and did not differ among groups (Table 1) . During asphyxia, severe bradycardia and hypotension occurred. By 7 mins of airway occlusion, MABP was 1978 mm Hg in the saline group, 1576 mm Hg in the SCH23390 group, and 2177 mm Hg in the sulpiride group. Successful resuscitation with ventilation, chest compression, and epinephrine administration led to a transient overshoot and a recovery to baseline levels of MABP. The percent of piglets without return of spontaneous circulation within 3 mins of cardiopulmonary resuscitation was 21% with saline pretreatment, 13% with SCH23390 pretreatment, and 37% with sulpiride pretreatment. In the saline H-I group, mean arterial PO 2 decreased to 21 mm Hg during hypoxia, recovered to 76 mm Hg during the 5 mins of reoxygenation used to improve subsequent cardiac resuscitation from asphyxia, and declined to 13 mm Hg by 5 mins of airway occlusion. Similar changes were produced in drug-treated groups. The corresponding changes in arterial oxyhemoglobin saturation were 26% at the end of hypoxia, 88% during ventilation with 21% O 2 , and 5% during airway occlusion. Metabolic acidosis was present by the end of hypoxia without a change in arterial PCO 2 . During airway occlusion, metabolic and respiratory acidosis was severe, with no differences among groups. Hyperglycemia occurred in all groups during H-I. Rectal temperature was maintained near the normal temperature of 38.51C for swine. Physiologic values in the groups with SCH23390 and sulpiride posttreatment (not shown) were similar to those of the other H-I groups. Physiologic values in the sham groups were similar to the baseline values of the H-I groups and were unchanged throughout the observation period.
D1 and D2 Immunohistochemistry at 4 Days of Recovery
On immunoblots of piglet putamen, antibodies against D1 and D2 receptors yielded single bands at 50 kDa, which were similar to the bands obtained from rat striatum ( Figure 3I ). Immunohistochemistry for D1 and D2 receptors in putamen of sham piglets revealed diffuse staining throughout the neuropil, with little immunoreactivity in cell bodies ( Figures  3A and 3E) . However, staining in the neuropil became faint 4 days after H-I and was largely Figures 3B and 3F ). The overall OD was decreased in the H-I saline group compared with the sham groups ( Figures 3L  and 3M ), presumably reflecting decreased staining in the neuropil (Figures 3B and 3F) . Pretreatment with SCH23390 decreased the number of D1 immunopositive cell bodies and increased the overall OD for D1 immunoreactivity ( Figures 3J  and 3L ). Pretreatment with sulpiride decreased the number of D2 immunopositive cell bodies ( Figure  3K ). Although the overall OD for D2 immunoreactivity after sulpiride treatment was not significantly different from that of the sham saline group, the OD was also not different from the H-I saline group value ( Figure 3M ). Treatment with SCH23390 had no significant effect on the number of D2-immunopositive cell bodies ( Figure 3K ) or on the overall OD for D2 immunoreactivity ( Figure 3M) , compared with the H-I saline group, although the OD was not different from the sham saline group. Sulpiride had an intermediate attenuating effect on the number of D1-immunopositive cell bodies ( Figure 3J ) and on the overall OD for D1 immunoreactivity ( Figure 3L ).
Reduced Phosphorylation of DARPP-32 at Thr34 by SCH23390 in H-I Piglets
To investigate possible involvement of the cAMP-PKA-DARPP-32 pathway in neuronal injury after H-I, immunoblotting was used to examine the level Figure 3 Representative sections of immunohistochemical staining for D1 receptors (A-D) and D2 receptors (E-H) in putamen of piglets 4 days after recovery from sham surgery or hypoxia-ischemia (H-I) with pretreatment of saline, SCH23390, or sulpiride. Scale bar = 20 mm. Reactivity of specific antibodies against D1 or D2 receptors with cytoplasmic membrane-enriched fractions of striatum (20 mg protein/lane) is shown (I) with noninjured rat brain, piglet brain, and control (no protein loaded, cont) by SDS-PAGE. Diffuse staining of neuropil was present in sham piglets, whereas discrete cell body staining was evident in H-I piglets and quantified for D1 (J) and D2 (K) staining (7s.d.). Overall optical density (OD) showed a decrease in H-I piglets treated with saline for D1 (L) and D2 (M). *P < 0.05 from sham + saline group; # P < 0.05 from H-I + saline group; one-way ANOVA followed by the StudentNewman-Keuls test.
of phosphorylated DARPP-32 at Thr34 and total DARPP-32 protein in putamen of sham and H-I piglets at 3 h of recovery. SCH23390 and sulpiride did not change the basal level of phosphorylated DARPP-32 at Thr34 in sham animals. However, the level of phosphorylated Thr34 on DARPP-32 (1.687 0.53, ratio of sham) was significantly increased after H-I (Figures 4A and 4C ). This increase was markedly reduced by SCH23390 (1.1270.17), but not by sulpiride (1.4770.24). In contrast to Thr34 phosphorylation, the level of total DARPP-32 protein was unchanged 3 h after H-I and by treatment with SCH23390 or sulpiride ( Figures 4A and 4B ).
Decreased Phosphorylation of NMDA NR1 Ser897 by SCH23390
Previous work in piglets demonstrated phosphorylation of NMDA NR1 serine residues after H-I (Guerguerian et al, 2002) . To determine if NMDA NR1 colocalizes in cells with D1 and D2 receptors at this stage of development in piglets, double-immunofluorescent experiments were performed. Most D1 or D2 receptor-positive cells were found to costain with NR1 in putamen of H-I piglet at 3 h of recovery (data not shown). Immunoblots showed that H-I increased phosphorylation of NR1 at both the PKA-dependent site (Ser897) and the PKC-dependent site (Ser896) in putamen at 3 h of recovery ( Figure 5 ). The increase in Ser897 phosphorylation (2.1471.03, ratio of sham) was significantly inhibited by SCH23390 (0.8870.48) but not by sulpiride (1.9871.06; Figure 5C ). SCH23390 and sulpiride did not change the basal level of phosphorylated NR1 Ser897 in sham animals. In contrast to the effects on phosphorylated NR1 Ser897, the H-I-induced increase in PKCdependent phosphorylation of NR1 Ser896 was not inhibited by SCH23390 or sulpiride ( Figure 5B ). SCH23390 and sulpiride also had no effect on the basal Ser896 phosphorylation in sham animals. Consistent with earlier work (Guerguerian et al, 2002) , the levels of total NR1 protein remained unchanged 3 h after H-I ( Figure 5D ). The level of NR1 protein was also unaffected by SCH23390 or sulpiride treatment.
SCH23390 and Sulpiride Decrease Nitrotyrosine Immunoreactivity
Administration of SCH23390 or sulpiride did not alter the basal level of 3-nitrotyrosine immunoreactivity integrated over multiple protein bands in sham animals ( Figure 6 ). With H-I, the total amount of 3-nitrotyrosine increased in the saline group (2.8471.06), and this increase was reduced by the administration of SCH23390 (1.3971.75) and sulpiride (0.8771.00).
Effects of SCH23390 and Sulpiride on H-I-induced phosphorylation of the Na + ,K + -ATPase a Subunit
To elucidate whether the neuroprotective role of SCH23390 or sulpiride is associated with alterations in Na + ,K + -ATPase, both enzymatic activity and protein expression were measured. Consistent with previous work (Golden et al, 2001) , activity of Na + , K + -ATPase was markedly decreased at 3 h of recovery after H-I in putamen ( Figure 7A ). Administration of SCH23390 or sulpiride had no significant effect on activity in sham animals. However, administration of either SCH23390 or sulpiride completely restored Na + ,K + -ATPase activity 3 h after H-I. Also consistent with previous findings (Golden et al, 2001) , the decrease in Na + ,K + -ATPase activity after H-I was not associated with a change in protein expression of the neuron-specific catalytic subunit a3 ( Figures 7B and 7D) or the more widespread a1 isoform ( Figures 7B and 7C ) present in most nonneuronal cells (Blanco, 2005) . Moreover, their expression remained unchanged with administration of SCH23390 or sulpiride in both sham and H-I groups (Figure 7) . The a subunit of Na + ,K + -ATPase is also a target of phosphorylation by PKA (Blanco, 2005) . To understand whether SCH23390 or Figure 4 Western blot analysis of phosphorylated DARPP-32 at Thr34 and total DARPP-32 in lysates from piglet putamen 3 h after hypoxia-ischemia (H-I). In total, 20 mg of protein was loaded onto gels and antibodies against phosphorylated DARPP-32 at Thr34 (1:1500) and total DARPP-32 (1:1500) were used to detect the protein at 32 kDa. Synaptophysin was used as a loading control. (A) Representative blots showing the expression of phosphorylated DARPP-32 at Thr34 and total DARPP-32. Lane 2 was treated for 4 h with 400 U/mL l-phosphatase (l-PPase). Bar graphs (mean7s.d.) summarize the expression of total DARPP-32 (B) and phosphorylated Thr34 (C) normalized to the sham + saline value from four independent gels. *P < 0.05 versus sham + saline groups; # P < 0.05 versus H-I group treated with saline; one-way ANOVA followed by the Student-Newman-Keuls test.
sulpiride had any effect on the PKA-dependent phosphorylation of Na + ,K + -ATPase, we examined the level of phosphorylated Na + ,K + -ATPase a at Ser943 at 3 h of recovery. SCH23390 and sulpiride did not change the basal level of Ser943 phosphorylation in sham animals ( Figures 7B and 7E) 
Discussion
The major findings of this study are: (1) pretreatment with the D1 receptor antagonist SCH23390 or the D2 receptor antagonist sulpiride provided near complete neuroprotection in putamen in a model of mild H-I injury in neonatal piglets and partial neuroprotection in a more severe model; (2) D1 and D2 antagonists individually reduced protein nitration and restored Na + ,K + -ATPase activity early after H-I; (3) the D1 antagonist selectively reduced phosphorylation of PKA-dependent sites on DARPP-32, the NMDA NR1 subunit, and the Na + , K + -ATPase a subunit early after H-I; and (4) posttreatment with the D1 receptor antagonist in the severe model also provided partial neuroprotection in putamen.
Increases in striatal extracellular dopamine have been reported in immature piglets during hypocapnic and hypercapnic hypoxia (Huang et al, 1995; Pastuszko et al, 1993) . Our results with microdialysis confirm that a large increase in extracellular dopamine occurs in a survival model during the period of asphyxia and early reoxygenation. The new findings that either a D1 or D2 antagonist provides complete neuroprotection in putamen from a mild insult and partial neuroprotection from a severe insult show for the first time an important role for these receptors in modulating injury from neonatal H-I injury. This protective effect with Figure 6 (A) Western blot showing the effects of pretreatment with SCH23390 or sulpiride on nitrotyrosine immunoreactivity on multiple protein bands in putamen of sham or hypoxiaischemia (H-I) piglets at 3 h of recovery. In all, 20 mg of protein was loaded onto gels, and antibodies against 3-nitrotyrosine (1:40,000) were used to detect proteins with nitrotyrosine. Synaptophysin was used as a loading control. (B) Optical density was integrated over all protein band values (means7 s.d.) and was normalized to the sham + saline value from four independent gels. *P < 0.05 versus sham groups treated with saline; # P < 0.05 versus H-I group treated with saline; one-way ANOVA followed by the Student-Newman-Keuls test. Figure 5 Western blot analysis of phosphorylated NMDA NR1 at Ser896 and Ser897 and total NR1 in lysates from piglet putamen 3 h after hypoxia-ischemia (H-I). In total, 20 mg of protein was loaded onto gels, and antibodies against phosphorylated NR1 at Ser896 and Ser897 (1:2,000) and total NR1 (1:2,000) were used to detect the protein at 120 kDa. Synaptophysin was used as a loading control. (A) Representative blots showing the expression of phosphorylated NR1 at Ser896 and Ser897 and total NR1. Lane 2 was treated for 4 h with 400 U/mL l-phosphatase (l-PPase). Bar graph summarizing the expression of phosphorylated NR1 at Ser896 (B) and Ser897 (C) and total NR1 (D). Data (means7s.d.) were normalized to the sham + saline value for four independent gels. *P < 0.05 versus sham groups treated with saline; # P < 0.05 versus H-I group treated with saline; one-way ANOVA followed by the Student-Newman-Keuls test.
systemic drug administration was not attributed to effects on the severity of hypoxia or on MABP. Neuroprotection in putamen with SCH23390 was associated with improved recovery of neurologic deficits over the first 2 days. However, significance was lost by 72 h because deficits spontaneously diminished over time in the control group. In addition, deficits were not improved with sulpiride pretreatment despite neuroprotection in putamen. Perhaps neurobehavior tests that are more sensitive for assaying striatal function would better detect long-term protection by D1 and D2 receptor antagonists than deficit scores of gross sensorimotor function. Moreover, variability in the neurologic deficit score may depend on synaptic deficits, white matter injury, and cortical injury. Cortical injury evolves later and is more variable than injury in putamen.
Loss of D2 immunoreactivity has been described in infants with H-I injury in basal ganglia (Meng et al, 1998) . Traditionally, the D1 receptor family (D1 and D5) has been thought to be expressed on medium spiny neurons that primarily project to substantia nigra pars reticulata and the internal segment of the globus pallidus, whereas the D2 receptor family (D2-D4) has been thought to be expressed on medium spiny neurons that primarily project to the external segment of the globus pallidus (Gerfen 2000; Hersch et al, 1995) . However, a significant portion of striatal neurons have some coexpression of both receptor families (Aizman et al, 2000; Surmeier et al, 1996) . At 4 days after H-I, the pattern of D1 and D2 immunoreactivity changed from diffuse staining of the neuropil to discrete staining of cell bodies. This change in the pattern of immunostaining may reflect dendritic alterations in the remaining surviving neurons. The partial but selective reversal of the D1 immunoreactive pattern with the D1 antagonist and the partial but selective reversal of the D2 immunoreactive pattern with the D2 antagonist imply that the D1 and D2 antagonists are primarily protecting distinct populations of neurons. Combined pretreatment with SCH23390 and sulpiride was attempted to determine if the drugs provided an additive protective effect; however, cardiac resuscitation proved difficult and the effect of combined pretreatment could not be tested. Although the doses used in this study are comparable with those used by others, greater neuroprotection at higher doses of antagonists cannot be excluded.
Many of the modulatory effects of dopamine receptor activation are mediated by phosphorylation Figure 7 (A) Effects of pretreatment with SCH23390 or sulpiride on Na + ,K + -ATPase activity in putamen of sham or hypoxia-ischemia (H-I) piglets at 3 h of recovery (n = 4 to 7 per group). (B) Representative Western blots of Na + ,K + -ATPase (NKA) subunits a1 and a3 and phosphorylation of the combined a subunits at Ser943 and Ser23 in lysates from piglet putamen 3 h after hypoxia-ischemia (H-I). In total, 20 mg of protein was loaded onto gels, and antibodies against NKA a1 and a3 (1:50,000) and phosphorylated NKA at Ser943 and Ser23 (1:2000) were used to detect the protein at 110 kDa. Synaptophysin was used as a loading control. Lane 2 was treated for 4 h with 400 U/mL l-phosphatase (l-PPase). Bar graphs (means7s.d.) summarize the expression of NKA a1 (C) and a3 (D) subunits and phosphorylated NKA at Ser943 (E) and Ser23 (F), normalized to the sham + saline value, from four independent gels. *P < 0.05 versus sham groups treated with saline; # P < 0.05 versus H-I group treated with saline; one-way ANOVA followed by the Student-Newman-Keuls test.
of DARPP-32. Activation of D1 receptors or adenosine A 2A receptors increases PKA-dependent phosphorylation of Thr34 on DARPP-32, which leads to inhibition of PP-1, whereas activation of D2 receptors can produce opposite effects. The increased Thr34 phosphorylation 3 h after H-I and the attenuation by SCH23390 are consistent with D1 receptor activation exerting a major influence on DARPP-32. Because activation of D2 receptors decreases PKA and Thr34 phosphorylation (Nishi et al, 1997) , sulpiride augmentation of Thr34 phosphorylation induced after H-I could have been anticipated. The lack of a significant effect of sulpiride increases the possibility that stimulation of A 2A receptors, which are coexpressed in D2 neurons, produces Thr34 phosphorylation that is not overcome by D2 receptor inhibition at the 3-h time of recovery.
Phosphorylation is an important mechanism for the regulation of NMDA receptor function. Agonists for D1 but not D2 receptors increase overall phosphorylation of the NMDA NR1 subunit (Snyder et al, 1998) . The present results showing that SCH23390 but not sulpiride attenuates both Thr34 DARPP-32 and Ser897 NR1 phosphorylation indicate that dopamine promotes Ser897 phosphorylation after H-I by a D1 receptor/PKA/DARPP-32 cascade, although DARPP-32-independent mechanisms might also be operative. It is not precisely known how phosphorylation at Ser897 modulates the NMDA receptor activity. Several studies suggest that phosphorylation of NR1 by PKA enhances NMDA currents (Flores-Hernandez et al, 2002; Maldve et al, 2002) and Ca 2 + influx (Dudman et al, 2003; Skeberdis et al, 2006) and promotes forward trafficking of the receptor from the endoplasmic reticulum to the synapse (Scott et al, 2003) . These findings implicate phosphorylation of NR1 in augmentation of downstream cascades that result from NMDA receptor activation after H-I.
Enhanced Ca 2 + influx may stimulate neuronal nitric oxide synthase bound to the NMDA receptor complex and produce NO, which, in the presence of excessive superoxide, generates highly toxic peroxynitrite. Although other chemical species can nitrate tyrosine, peroxynitrite is the major source of nitrotyrosine formation in vivo. At 3 h after H-I, we observed a marked increase in 3-nitrotyrosine on various protein bands in confirmation with previous findings in this model (Martin et al, 2000) . The present results show that this nitration was attenuated by either SCH23390 or sulpiride. The concurrent decrease in Ser897 NR1 phosphorylation and protein nitration with SCH23390 is consistent with a link between D1 receptor-dependent NMDA NR1 phosphorylation and the excessive NO production that leads to protein nitration. However, the lack of effect of sulpiride on the increase in Ser897 NR1 phosphorylation indicates that D2 receptors contribute to increased protein nitration by a mechanism independent of PKA-dependent phosphorylation of this site. In this regard, it is of interest that coexpression of D1 and D2 receptors in the same complex permits a dopamine-induced increase in intracellular Ca 2 + that is dependent on phospholipase C rather than on PKA or PKC (Lee et al, 2004) . Increased Ca 2 + by coactivation of D1 and D2 receptors during H-I may be adequate for stimulating NO and superoxide production in quantities sufficient for peroxynitrite formation and protein nitration.
A considerable portion of brain energy metabolism is used to support Na + ,K + -ATPase activity for maintaining ion gradients, osmotic balance, cell volume regulation, resting membrane potential, the excitability of neurons, and the Na + -coupled reuptake of glutamate across the plasma membrane. In addition, Na + ,K + -ATPase may modulate NMDA receptor activity by regulating intracellular Na + (Yu and Salter 1998) . The present results confirm previous findings of a marked decrease in Na + ,K + -ATPase activity in this model of H-I in piglet putamen (Golden et al, 2001) . Although exposure of cortical membranes to high concentrations of peroxynitrite can produce tyrosine nitration of Na + , K + -ATPase (Golden et al, 2003) and decrease its activity (Qayyum et al, 2001) , increased tyrosine nitration of the Na + ,K + -ATPase a3 subunit could not be detected in this model of H-I (Golden et al, 2003) . Thus, we investigated dopaminergic mechanisms dependent on phosphorylation as a means for Na + , K + -ATPase inactivation. Phosphorylation of Na + ,K + -ATPase a subunit by PKA and PKC decreases activity in a cooperative manner (Blanco 2005; Cheng et al, 1997; Therien and Blostein 2000) . Both D1 and D2 receptor activation inhibit Na + ,K + -ATPase activity by mechanisms that require DARPP-32 despite the fact that D2 activation does not increase Thr34 phosphorylation on DARPP-32 (Nishi et al, 1999b) . Thus, the inhibitory effect of D2 receptors on Na + ,K + -ATPase activity depends on another mechanism. Our in vivo results generally support those obtained in vitro. The decrease in Na + ,K + -ATPase activity at 3 h after resuscitation was associated with increased phosphorylation of DARPP-32 at Thr34, and of Na + , K + -ATPase a at the PKA-sensitive Ser943 site and the PKC-sensitive Ser23 site. SCH23390 restored Na + , K + -ATPase activity in association with inhibiting the increase in DARPP-32 Thr34 phosphorylation and Na + , K + -ATPase a Ser943 phosphorylation, whereas sulpiride restored Na + ,K + -ATPase activity without inhibiting phosphorylation of either of these sites. These findings suggest that the suppressive action of D1 receptor activation on Na + ,K + -ATPase during H-I is mediated by PKA-dependent phosphorylation of Ser943, along with DARPP-32 inhibition of PP-1. Although PKA does phosphorylate Ser943 (Fisone et al, 1994) , increased phosphorylation of the a3/a2 subunit unexpectedly could not be demonstrated by dopamine in isolated rat neostriatal cells (Nishi et al, 1999a) . Thus, it is possible that the effect of SCH23390 on Ser943 phosphorylation observed in the present experiment is related to an indirect effect of D1 receptor antagonism on the cell signaling process after the H-I insult. Alternatively, age differences, species differences, or an interaction of the different cell types in vivo may permit D1 receptor activation to directly produce Ser943 phosphorylation in our experiments. The observation that SCH23390 and sulpiride individually restored activity to control levels implies that both D1 and D2 receptor activation are required for suppressing Na + , K + -ATPase activity in vivo and supports the concept of a synergistic effect observed in acutely dissociated striatal neurons (Bertorello et al, 1990) . However, the mechanism by which sulpiride restores Na + ,K + -ATPase activity remains uncertain.
Pretreatment with SCH23390 was somewhat more effective than sulpiride in providing neuroprotection, possibly because of D1 receptor-specific regulation of NMDA receptors and other target proteins. When treatment was delayed until 5 mins after resuscitation, partial neuroprotection was sustained with SCH23390, but protection by sulpiride was no longer significant. These results imply that the adverse effects of D1 receptor activation continue into the reoxygenation period, but that the net adverse effects of D2 receptor activation are set into motion primarily during the period of asphyxia. Microdialysis data indicated that extracellular dopamine remained significantly elevated during the first 15 mins of reoxygenation. Because the microdialysis technique measures overall extracellular concentration, synaptic concentrations of dopamine may remain elevated for more prolonged periods of reoxygenation. Another consideration is that reoxygenation with 100% O 2 has been noted to delay the recovery of dopamine in microdialysates, compared with reoxygenation with 21% O 2 , and to augment a secondary increase at 2 to 3 h of reoxygenation (Huang et al, 1995) . We used 50% O 2 for the initial resuscitation and gradually decreased the inspired O 2 to 30% to offset the early effect of acidosis on oxyhemoglobin saturation during the first 30 mins of reoxygenation. A secondary increase in dopamine was observed in a few of the piglets at 2 to 3 h, but the effect was not significant. Posttreatment with SCH23390 and sulpiride may have had a larger impact if higher O 2 concentrations had been used during reoxygenation.
Clinically, H-I encephalopathy in term newborns presents with a wide range of severity of injury. Although two levels of H-I severity were tested, a protective effect of dopamine antagonists is likely to be diminished with more severe insults. Another limitation of the present study is that the time course of phosphorylation changes and the efficacy of delayed treatment were not determined. Nevertheless, the present study demonstrates that both D1 and D2 receptor activation play an important role in augmenting injury in the selectively vulnerable putamen in a model of neonatal H-I. Both D1 and D2 receptor activation contribute to the marked suppression of Na + ,K + -ATPase activity and to peroxynitrite generation, as indicated by nitrotyrosine formation. The D1 receptor effects may be mediated by targeted phosphorylation of DARPP-32, NMDA NR1, and Na + ,K + -ATPase a subunits. The precise mechanism by which D2 receptors exert their effects remains unknown, but the D2 receptor antagonist appears to protect a largely different population of neurons than the D1 receptor antagonist. Therapeutic use of dopaminergic receptor antagonists in neonatal H-I may provide a means for protecting striatum without the adverse effects of completely blocking NMDA receptors in the developing brain.
